Abstract-A simple end-fire high-gain antenna with side-lobe level suppression is proposed for 60 GHz technology in this paper. The antenna has a tapered slot radiation patch which is obtained by subtracting a quarter of ellipse from a bigger quarter. Two reflecting circle units (RCU) are located at both sides of radiant patch to suppress side-lobe level of radiation patterns. The antenna has a simple two-layered planar structure with on via and is fabricated on a Rogers 4350 substrate with a compact size of 15 mm × 15 mm. Simulated and measured results match well, and both show its good characteristics of impedance matching, stable radiation patterns and steady peak gains above 10 dBi across 57-64 GHz, which makes it fit 60 GHz wireless communication systems.
INTRODUCTION
With the rapid development of wireless technology, an unlicensed frequency band of 7 GHz centered at 60 GHz has become an interesting and potential candidate for the next generation (5G) wireless personal area network (WPAN) [1] [2] [3] [4] . According to IEEE 802.15.3c, it provides mandatory data rates exceeding 1 Gb/s and can be used for applications as uncompressed video streaming, high data wireless transferring, mobile distributed computing, etc. [4] . However, 60 GHz is at the limit of atmospheric absorption [5] , and high antennas are valuable to be researched on to enable a longer way communications. In the past decade, there have been a lot of reports on 60 GHz high-gain antennas [6] [7] [8] [9] [10] [11] [12] [13] . In [7] , Waleed et al. proposed a multi-layer antenna using mounted horn integrated on FR4, which realize a gain up to 11.65 dBi. In [8] , Li and Luk demonstrate a substrate integrated waveguide (SIW)-fed patch antenna array and a gain 19.6 dBi is achieved. Using LTCC technology, a Yagi antenna presented in [9] achieves a peak gain of 6 dBi and a 4 × 4 array of Yagi antenna in [10] reaches max gain of 18 dBi. However, these antennas either are multi-layered or have complex structures, which possibly bring difficulties to fabrications and cost-reduction. Recently, a planar fan-like antenna was presented [13] . With a peak gain of 7.6 dBi, it has been the highest for a simple designed planar 60 GHz antenna reported so far and still has space to improve.
In this paper, a simple planar tapered slot antenna basing on substrate Rogers 4350 is proposed. This antenna has two blade-like antipodal tapered slot patches which are crossed symmetrically on both sides of the substrate. Then in order to obtain a lower side-lobe level, tow circle patches are located two sides of the radiant patch and side-lobe level is suppressed by 5 dB. Details of antenna design, simulation and measurement are presented below.
ANTENNA DESIGN
The geometry of the proposed antenna is shown in Figure 1 (a), which contains four parts including a 50-Ω microstrip feeding line, a tapered parallel plate waveguide, a tapered radiant patch and reflecting circle 
Reflecting Circle Unit Design
The structure of Reflecting Circle Units (RCUs) is shown in Figure 2 and little power flux pass through the RCUs, namely they have perfect band-stop characteristics. In this case, by locating the RCUs at both sides of the radiant patch, electromagnetic wave transmitting to positive X direction or negative X direction is successfully blocked, which let the side-lobe level of XY -plane radiation pattern reduced at least 5 dB, as shown in Figure 3 . The comparison between EField distribution with and without RCUs is shown in Figure 4 . It is obvious that the E-Field intensity is reduced greatly at both sides of radiant patch when RCUs are located. Figure 5 shows the measurement system sketch for radiating properties. Figure 6 is a photo of the system in lab. In the measuring process, a vector network analyzer (VNA) Agilent PNA-X N5247A is connected the device under test (DUT) as a transmitter, and a high sensitive spectrum analyzer (SA) is used to connect to a standard horn as a receiver. The horn antenna is put on a nylon slide rail, which runs forth and back. The gains of the proposed antenna are calculated using the following equation.
Antenna Measurement System
In Equation (1), G t is the gain of DUT and G r the gain of standard horn. P t and P r are the transmitting and receiving power of VNA and SA separately. L t and L r are the losses of cables and connectors in Figure 5 . Sketch of the antenna measurement system. Figure 6 . Photograph of the antenna measurement system in lab.
the transmitter and receiver, respectively. L s is the loss in free space, which is calculated as
In Equation (2), R is distance between receiving and transmitting antenna and λ is the wavelength of free space.
EXPERIMENTAL RESULTS AND DISCUSSION

Fabrication and Measurements
The antenna is fabricated as shown in Figure 7 , and a 1.85 mm end-launch connector is connected to the microstrip line for measuring. Simulated and measured return losses are compared in Figure 8 . It is found that simulated and measured results match well, and this antenna has good impedance match with return loss less than −10 dB across 52-65 GHz. Figure 10 . Simulated efficiency of the proposed antenna.
Radiation Performance
The E-plane (XY -plane) and H-plane (ZY -plane) co-polarisation radiation patterns are simulated and measured at three frequencies 58 GHz, 60 GHz and 62 GHz as shown in Figure 9 . And the simulated and measured results match well and exhibit good stable radiation and low side-lobe level across 57-64 GHz. Simulated cross-polarisation radiation patterns are also given to show good radiant properties of the proposed antenna. Simulated and measured peak gains are shown in Table 1 . The peak gains are above 10 dBi with various less than 1 dB and the discrepancy between simulation and measurement is about 0.4 dB. The antenna also has a high efficiency nearly 90% shown in Figure 10 .
CONCLUSION
In this paper, a 60 GHz planar end-fire high-gain antenna is designed, analyzed and measured. It has a simple two-layered structure with no via, which is easy to fabricate and be integrated with traditional PCB. This antenna has a dimension of 15 mm × 15 mm and is fabricated by using a Rogers 4350 substrate with a thickness of 0.254 mm and relative permittivity of 3.66. Simulated and measured results match well, and both show the antenna's good characteristics of return losses less than −10 dB, favorable radiation pattern, stable high gains above 10 dBi with various less than 1 dB across 57-64 GHz. Therefore, it is suitable for 60 GHz wireless communication systems.
